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Silicon Photomultipliers (SiPM) represent a promising alternative to classical
photomultipliers for the detection of photons in high energy physics and me-
dical physics, for instance. In the present work, electrical characterizations of
test devices - manufactured by STMicroelectronics - are presented. SiPMs with
an area of 3.5×3.5mm2 and a cell pitch of 54µm were manufactured as arrays
of 64 × 64 cells and exhibiting a fill factor of 31%. The capacitance of SiPMs
was measured as a function of reverse bias voltage at frequencies ranging from
about 20Hz up to 1MHz and temperatures from 310K down to 100K. Leak-
age currents were measured at temperatures from 410K down to 100K. Thus,
the threshold voltage - i.e., the voltage above a SiPM begins to operate in
Geiger mode - could be determined as a function of temperature. Finally, an
electrical model capable of reproducing the frequency dependence of the device
admittance is presented.
1. Introduction
In recent years Silicon Photomultipliers (SiPM) has been developed for
usage in photon detection. The high gain, insensitivity to magnetic field
and low reverse bias voltage of operation make SiPM a promising candi-
dates as replacement of classical photomultipliers1 in several of their appli-
cations. The SiPM is an array of parallel-connected single photon avalanche
diodes (SPAD)2 . Every SPAD operates in Geiger mode with a quenching
resistor in series to prevent an avalanche multiplication process from tak-
ing place. The overall output of a SiPM depends on how many SPADs are
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simultaneously ignited3,4 .
The current SiPM device was manufactured by STMicroelectronics (de-
tails of the technology can be found in Refs.2,5). It consisted of an array of
64× 64 SPAD cells with 3.5× 3.5mm2 effective area, a cell pitch of 54µm
and a fill factor of ≈ 31%.
In the present article, the electrical characteristics of these devices are
shown as function of test frequency from 1MHz down to about 20Hz
and temperature from 410K down to 100K (Sects. 2–2.2). In addition,
in Sects. 3 and 3.1 an electrical model is discussed and compared with
data obtained from dependencies of capacitance and resistance on the test
frequency for both a photodiode and a SiPM devices.
2. Electrical Characteristics of SiPM Devices
The electrical characteristics of SiPM devices were investigated as function
of applied reverse bias voltage (Vr) and temperature. The capacitance re-
sponse was also studied as a function of test frequency of the capacimeter
employed for such a measurement (Sect. 2.1).
Furthermore (Sect. 2.2), the measurements of the SiPM leakage current
allowed one to determine (as a function of temperature) the value (and its
temperature dependence) of the so-called threshold voltage (Vth), i.e., the
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Fig. 1. Capacitance (in nF) as a function of reversed bias voltage (in V) using the LCZ
meter with test frequencies of 100Hz (•), 1 kHz (), 10 kHz (◦) and BC with 1MHz ().
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Fig. 2. Capacitance (in nF) as a function of the frequency (in Hz) for a sample operated
with a reverse bias of 5V: data points indicated with • (◦) were obtained using the LCR
(LCZ) meter, the continuous line is obtained from Eq. (9) (see discussion in Sect. 3.1).
reverse bias voltage above which a SiPM begins to operate in Geiger mode.
2.1. Capacitance Response
The capacitance response of SiPM devices was systematically measured as
a function of reverse bias voltage applied and test frequency at 300K (i.e.,
at room temperature). Moreover, using a liquid nitrogen cryostat, at a few
fixed frequencies the capacitance was also measured as a function of reverse
bias voltage and temperature from 310K down to 100K. For these purposes
three instruments were employed, i.e., a Boonton capacimeter (BC) (using
its internally provided power source and a test frequency of 1MHz), an
LCZ (Agilent Technologies 4276A) and LCR (Agilent Technologies 4284A)
meters with the reverse bias supplied to the device from an external power
supply. The LCZ meter employed test frequencies from 100Hz up to 20KHz;
the LCR meter from ≈ 20Hz up to 1MHz. Furthermore, the measurements
were performed selecting the parallel equivalent-circuit mode of the LCR
and LCZ meters for the device under test (DUT). Thus, the device response
is assumed to be that one from a parallel capacitor-resistor circuit (see
discussion in Sect. 3). Finally, the currently reported experimental errors
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Fig. 3. Capacitance response (in nF or pF) obtained using the LCZ meter as a function
of reverse bias applied (in V) and temperature from 310K down to 100K: 100Hz (upper
left), 1 kHz (upper right), 10 kHz (bottom left) and - using the BC - 1MHz (bottom
right).
are the standard deviations obtained using 50 subsequent measurements of
the device capacitance under the same experimental conditions.
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Fig. 4. (a) Leakage current (in A) as a function of reverse bias voltage (in V) from 310
down to 100K; (b) leakage current (in A) as a function of reverse bias voltage (in V)
from 300 up to 410K.
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In Fig. 1, the capacitance response of a SiPM using frequencies of 100Hz,
1 kHz, 10 kHz and 1MHz is shown as a function of Vr at 300K. Above
1 kHz, the measured capacitance decreases with the increase of the test
frequency. In Fig. 2, the capacitance response - determined using both LCZ
and LCR meters - is shown for a device operated with a reverse bias voltage
of 5V at 300K. It can be observed that above ≈ 10 kHz the measured
capacitance largely decreases with the increase of the test frequency of
the instrument up to achieving an almost constant response above a few
hundreds of kHz.
In Fig. 3, the capacitance response using 100Hz, 1 kHz, 10 kHz and
1MHz is shown as a function of Vr (in V) and temperature from 310K
down to 100K. The measured capacitance is observed to decrease with
decreasing temperature. This behavior is also observed for frequencies lower
than ≈ 10 kHz; while a similar capacitance response was exhibited at 300K
(see Fig. 1).
2.2. Current-Voltage Characteristics
The dependence of leakage current on reverse bias was studied as a function
of temperature from 410K down to 100K as shown in Fig. 4. With increas-
ing Vr the leakage current does not vary by more than an order of magnitude
until the multiplication regime is ignited, i.e., so far the threshold voltage,
Vth, is reached. Vth is the voltage corresponding to the value of leakage cur-
rent at the intercept between the two I versus V curves obtained, the first
when the multiplication regime is sharply starting and the second one at
lower voltages, i.e., before the multiplication occurs: an example regarding
the determination of the value of Vth at 270K is reported in Fig. 5(a). As
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Fig. 5. (a) Leakage current (in A) as a function of reverse bias voltage applied (in V)
and an example of threshold voltage, Vth in V, determination at 270K; (b) threshold
voltage (in V) as a function of temperature (in K).
January 11, 2012 4:55 WSPC - Proceedings Trim Size: 9in x 6in ICCATPP˙2011˙Tacconi˙29Nov
6
5 10 15 20 25 30
10
20
30
40
50
103 104 105 106
25
30
35
40
45
1MHz
100Hz - 1kHz - 10kHz
 
C
ap
ac
ita
nc
e 
 [p
F]
Reverse bias voltage  [V]
a) b)
 
C
ap
ac
ita
nc
e 
 [p
F]
Frequency [Hz]
Fig. 6. (a) Capacitance (in pF) of a photodiode as a function of reverse bias voltage
(in V) at 100Hz, 1 kHz, 10 kHz (using the LCZ meter) and 1MHz (using the BC); (b)
capacitance (in pF) of a photodiode as a function of test frequency in Hz (using the LCR
meter) with an applied reverse biased voltage of 6V.
shown in Fig. 5(b), the threshold voltage lowers - thus, SPADs turn into
a Geiger-mode regime at progressively lower reverse bias voltages - with
lowering temperature at the rate of ≈ −29mV/K from ≈ 360 down to
≈ 130K.
3. Electrical Model
At room temperature, the electrical frequency response of SiPMs was fur-
ther investigated using a test device manufactured by STMicroelectron-
ics. The latter device was a photodiode (PD) with a structure similar to
that of a SPAD cell, an active area of ≈ 0.2mm2, but no quenching resistor
in series. In Fig. 6(a), the capacitance of the PD is shown as a function of
reverse bias voltage at 100Hz, 1 kHz, 10 kHz and 1MHz. Furthermore, one
can see that the device exhibits almost no dependence on the test frequency
below ≈ 100 kHz [Fig. 6(b)].
For silicon photodiodes and radiation detectors, the electrical response
down to cryogenics temperatures is usually modeled using the so-called
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Fig. 7. SIJD model for silicon photodiodes and radiation detectors: Cd (Cb) and Rd
(Rb) are the capacitance and resistance of the depleted (field free) region, respectively;
CPD and RPD are the overall capacitance and resistance of the photodiode, respectively.
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Fig. 8. Measured capacitance (•), CPD, (in pF) as a function of test frequency (in Hz)
with superimposed continuous lines obtained from the SIJD model [Eq. (3)].
small-signal ac impedance of junction diode (SIJD) operated under reverse
bias (e.g., see Refs.6,7 , Section 4.3.4 of Ref.8 and references therein). In the
framework of the SIJD model, the device consists of the depleted and field
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Fig. 9. Measured resistance (◦), RPD, (in Ω) as a function of test frequency (in Hz) at 5,
9 and 15V with superimposed continuous lines obtained from the SIJD model [Eq. (2)].
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Fig. 10. (a) 1/C2
d
(in pF−2) and (b) R2
d
(in GΩ2) from Table 1 as a function of applied
reversed bias voltage in V. The dashed lines are those from a linear fit to the data.
free regions connected in series. Each one of these regions, in turn, consists of
a parallel-connected capacitor and resistor. In Fig. 7, the equivalent circuit
of a photodiode is shown: Cd (Cb) and Rd (Rb) are the capacitance and
resistance of the depleted (field free) region, respectively.
Labeling (Fig. 7) the overall§ capacitance and resistance of a photodiode
with CPD and RPD, respectively, one can express the admittance of the
device as:
YPD(ω) = GPD(ω) + j BPD(ω)
=
1
RPD
+ j ωCPD (1)
with ω = 2pif , where f is the test frequency. The conductance (i.e., the
real part of the admittance) and susceptance (the imaginary part of the
admittance) are respectively given by:
GPD(ω) =
1
RPD
=
Rd +Rb + ω
2RdRb(RdC
2
d +RbC
2
b)
(Rd +Rb)2 + ω2R2dR
2
b(Cb + Cd)
2
(2)
BPD(ω) = ωCPD = ω
[
ω2R2dR
2
bCdCb(Cb + Cd) +R
2
dCd +R
2
bCb
(Rd +Rb)2 + ω2R2dR
2
b(Cb + Cd)
2
]
(3)
[e.g., see Equations (4.184, 4.185) at page 455 of Ref.8].
It has to be remarked that the values of both CPD and RPD are those
which can be determined, for instance, selecting the parallel equivalent-
circuit mode for the DUT using the LCR meter. In the SIJD model, the
values of Cd, Rd, Cb and Rb do not depend on the test frequency. In
§CPD and RPD are the quantities directly measured selecting the parallel equivalent-
circuit mode of the LCR and LCZ meters.
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Table 1. Cd, Rd, Cb and Rb obtained from a
fit of the SIJD model for a photodiode to experi-
mental data as a function of reverse bias voltage (Vr).
Vr [V] Cd [pF] Rd [GΩ] Cb [pF] Rb[kΩ]
5 47.6 1.42 41.1 5.2
7 41.1 1.53 40.8 5.2
9 36.5 1.58 40.8 5.2
11 33.2 1.68 40.4 5.2
13 30.5 1.74 40.9 5.3
15 28.4 1.88 40.5 5.3
addition, Cd, Rd are expected to depend on the applied reverse bias voltage,
because the depleted layer width increases with increasing Vr.
Cd, Rd, Cb and Rb were determined (Table 1) as a function Vr, by a fit
to the measured quantities CPD and RPD (obtained using the LCR meter)
using the corresponding expressions [e.g., see Eqs. (2, 3)] obtained from the
SIJD model for a photodiode. For instance, in Fig. 8 (Fig. 9) the experi-
mental data and fitted curves are shown for the capacitance (resistance)
measurements as a function of test frequency and applied reverse bias vol-
tage. As expected6 (Table 1), the field free region is almost independent of
Vr, while both the capacitance and resistance of the depleted region exhi-
bit a dependence on the reverse bias. In Fig. 10, 1/C2d [Fig. 10(a)] and R
2
d
[Fig. 10(b)] values from Table 1 are shown as a function of applied reverse
voltage. Although the junction photodiode cannot be considered as a one-
sided step junction¶, the the dashed curves (Fig. 10) obtained from fits to
the reported data - assuming a linear dependence of 1/C2d and R
2
d on Vr -
are well suited for reproducing the dependence on the reverse bias voltage.
3.1. Electrical Model for SiPMs
A SiPM device consists of a set of SPAD devices (4096 in the current SiPM
under test) connected in parallel. The equivalent electrical circuit of the
elemental cell (i.e., a SPAD cell) is shown in Fig. 11 and differs from that of
a photodiode (discussed in Sect. 3) by a resistance (Rs) added in series. In
Fig. 11, Cd (Cb) and Rd (Rb) are the capacitance and resistance of the
depleted (field free) region of the photodiode, respectively. In the present
¶The depletion layer characteristics as a function of reverse bias voltage can be found
treated, for instance, in Chapter 6-2 of Ref.10 (see also Ref.9).
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Fig. 11. SIJD model for a SPAD cell: Cd (Cb) and Rd (Rb) are, respectively, the
capacitance and resistance of the depleted (field free) region with a series resistance Rs;
Cspad and Rspad are the overall capacitance and resistance of a SPAD cell, respectively.
technology of STMicroelectronics, Rs is typically about (0.2–1.0)MΩ.
The admittance (Yspad) of a SPAD cell is given by
Yspad(ω) = Gspad(ω) + j Bspad(ω)
=
1
Rspad
+ j ωCspad (4)
with Cspad and Rspad respectively expressed in terms of Cd, Cb, Rd, Rb
and Rs as
Cspad=
Bspad(ω)
ω
=
ω2R2dR
2
bCdCb(Cb + Cd) +R
2
dCd +R
2
bCb
D1 +D2
, (5)
Rspad=
1
Gspad(ω)
=
D1+D2
Rb+(1+ω2C2bR
2
b)(Rs+Rd)+ω
2R2dC
2
d(ω
2C2bRsR
2
b+Rs+Rb)
, (6)
C
R
R
C
SPAD
SPAD
RSPAD
CSPAD
1
N
A
A
Fig. 12. SIJD model for a SiPM device consisting of N SPAD devices connected in pa-
rallel: Cspad and Rspad are, respectively, the capacitance and resistance of the equivalent
circuit of a SPAD cell (Fig 11), CA and RA those of the SiPM device.
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Fig. 13. Measured resistance (◦), RA, (in Ω) as a function of frequency (in Hz) with
superimposed the continuous line obtained from Eq. (8).
where D1 and D2 are
D1 = ω
2R2bC
2
b(Rs +Rd)
2 + ω2R2dC
2
d(Rs +Rb)
2
D2 = (Rd +Rb +Rs)
2 + ω2R2dR
2
bCdCb(2 + ω
2R2sCdCb).
The equivalent electrical circuit∗ of a SiPM is shown in Fig. 12. Assum-
ing that each SPAD cell has the same admittance, one finds that the overall
admittance of an array is determined by:
YA(ω) = N Yspad(ω)
= GA(ω) + j BA(ω)
=
1
RA
+ j ωCA (7)
with
GA(ω) =
N
Rspad
(8)
BA(ω) = ωN Cspad, (9)
∗It has to be remarked that one can also add a series resistance to RA. This was the case
for another SiPM device with 3600 SPAD cells manufactured by STMicroelectronics; for
such a device a small additional series resistance of about 1 kΩ was needed.
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Table 2. Cd, Rd, Cb, Rb and Rs obtained from a fit of
the SIJD model (adapted to a SiPM) to experimental data
with the device operated at a reverse bias voltage of 5V.
Vr [V] Cd [pF] Rd [GΩ] Cb [pF] Rb[MΩ] Rs[kΩ]
5 0.262 385 0.056 12.5 195
where Cspad and Rspad are obtained from Eqs. (5, 6), respectively; finally,
N=64× 64 = 4096 for the present device.
In Fig. 2 (13), the measured values of the capacitance (resistance) are
shown as a function of test frequency up to 1MHz, while the continuous
line is that obtained using Eq. (9) [Eq. (8)]. These measurements were
carried out at room temperature using the LCRmeter with the SiPM device
operated at a reverse bias voltage of 5V. Furthermore, in Table 2 the values
of Cd, Rd, Cb, Rb and Rs obtained from such a fit of the SIJD model
(adapted to a SiPM) to experimental data are reported. It can be remarked
that the value obtained for Rs is in agreement with one of those typically
used in the current technology.
Finally, one can point out that the frequency dependence of the present
SIJD model‖ for SiPM and photodiode devices is well in agreement with
measurements.
4. Conclusions
The electrical characteristics of SiPM devices were investigated as a func-
tion of applied reverse bias voltage (Vr) and temperature from 410 down to
100K. The capacitance response was also studied as a function of test fre-
quency. One finds that the measured capacitance decreases i) with increas-
ing the test frequency above 10 kHz at 300K and ii) with the decreasing of
the temperature. Furthermore, the measurement of the leakage current al-
lowed one to determine the value (and its temperature dependence) of the
threshold voltage (Vth) above which a SiPM begins to operate in Geiger
mode: Vth decreases with lowering temperature at the rate of ≈ −29mV/K
from 300 down to 100K.
It was developed an electrical model to treat the frequency dependence
of a SiPM device operated under reverse bias voltage. This model is based
on the so-called small-signal ac impedance of junction diode (SIJD) used
‖The reader can found modelizations of SiPM devices adapted for a time based readout11
or physical parameters measured at fixed frequencies (e.g., at 100 kHz in Ref.5 and 1MHz
in Ref.12).
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for radiation detectors and photodiodes. The model was found to be well
suited to account for the SiPM dependencies of capacitance and resistance
on frequency.
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